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Abstract In the course of evolution, the strong and unre-
mitting selective pressure on sensory performance has
driven the acuity of sensory organs to its physical limits. As
a consequence, the study of primary sensory processes
illustrates impressively how far a physiological function
can be improved if the survival of a species depends on it.
Sensory cells that detect single-photons, single molecules,
mechanical motions on a nanometer scale, or incredibly
small Xuctuations of electromagnetic Welds have fascinated
physiologists for a long time. It is a great challenge to
understand the primary sensory processes on a molecular
level. This review points out some important recent develop-
ments in the search for primary processes in sensory cells
that mediate touch perception, hearing, vision, taste, olfac-
tion, as well as the analysis of light polarization and the ori-
entation in the Earth’s magnetic Weld. The data are screened
for common transduction strategies and common transduc-
tion molecules, an aspect that may be helpful for research-
ers in the Weld.
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Abbreviations
CNG Channel cyclic nucleotide-gated channel
ENaC Epithelial sodium channel
GARP Glutamic acid-rich protein
GPCR GTP-binding protein coupled receptor
IHC Inner hair cell
INAD Inactivation no after-potential D
MEC Mechanosensitive channel-related protein
OHC Outer hair cell
ORN Olfactory receptor neuron
PDE Phosphodiesterase
PDZ Domain postsynaptic density/discs-large/zonula
occludens domain
TRP Channel transient receptor potential channel
VNO Vomeronasal organ
Introduction
Sensory cells provide the central nervous system with vital
information about the body and its environment. Each sen-
sory cell detects speciWc stimuli using highly specialized
structures which operate as sensors for adequate stimuli.
Thus, the posture of the body, its supply with nutrients and
oxygen, the state of the cardiovascular and digestive sys-
tems, as well as the body temperature and ion concentra-
tions are constantly monitored by a set of sensory cells.
Moreover, information about objects in the environment,
their shape, color, chemical composition, their distance and
movement are collected and conveyed to the central ner-
vous system. This steady and complex Xow of coded infor-
mation is then integrated and used to generate sensible
behavior.
Sensory cells display a multitude of remarkable adapta-
tions towards their tasks. The adequate stimulus is detected
by a sensor which must be both selective and sensitive. To
detect weak stimuli that transfer only little energy to the
sensory cell, primary signals have to be ampliWed and an
output signal must be generated that can be interpreted by
the brain. These primary processes constitute an eYcient
and characteristic transduction cascade in each type of
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continuously sharpened under intense selective pressure,
and the transduction cascades are the prime targets of this
process. The result is a set of cells with astonishing
performance: photoreceptors that detect single-photons,
mechanoreceptors that respond to the movements on a
nanometer scale and chemoreceptors that report the detec-
tion of single molecules. Furthermore, the perception of
electromagnetic radiation by many animal species amazes
physiologists, and the research for the transduction mecha-
nisms that mediate the analysis of infrared radiation, elec-
trical Welds or magnetic navigation cues is among the most
exciting Welds in sensory physiology. This review tries to
provide a brief overview of current work on sensory trans-
duction mechanisms. I focus on just one or a few research
topics in each of the sensory modalities, and I try to point
out the signiWcance of recent Wndings for the scientiWc con-
cepts of sensory function. The depth of knowledge and the
accuracy of mechanistic models vary considerably between
well-studied cells such as photoreceptors and more enig-
matic cells like the touch receptors in the human skin.
However, as common transduction features begin to
appear, new experimental approaches become available
which are based on the observation that various sensory
cells use similar or homologous proteins for transduction.
Thus, the examination of transduction channels or ampliW-
cation mechanisms in one type of sensory cell may help to
advance studies of transduction in a diVerent modality. The
present review is designed to promote such eVects.
Mechanoreceptors: tugging at enigmatic channels
Touching an animal usually triggers rapid and robust
motorresponses, ranging from twitching of the skin to vio-
lent startle responses. Oddly enough, this basic and omni-
present sense appears to be one of the most diYcult to study
on the level of its transduction mechanism. It is quite clear
that mechanical stimuli of various sorts can trigger opening
of ion channels and cause depolarization in practically
every cell (Hamill and Martinac 2001; Kung 2005; Hamill
2006). However, sensory cells which are specialized for the
detection of mechanical stimuli (mechanoreceptors) can
use elaborate protein complexes to transduce adequate
mechanical stimuli, and to report a sensory signal to the
central nervous system. How intricate the structure of such
a transducer can be revealed by an extensive genetic screen
of Caenorhabditis elegans mutants which took more than
25 years and brought to light a set of proteins that co-
assemble to form a mechanotransduction complex
(O’Hagan and ChalWe 2006; Bianchi 2007; Bounoutas and
ChalWe 2007). This multi-protein system works by pulling
transduction channels open when the worm’s cuticula
moves (Fig. 1). In the touch receptor neurons, transduction
channels are tethered to the cuticula on the extracellular
side of the plasma membrane and, possibly, to the cytoskele-
ton on the intracellular side. The channel itself is com-
posed of two subunits, MEC-4 and MEC-10 (O’Hagan
et al. 2005; Brown et al. 2008). MEC-4 and MEC-10
belong to the degenerin/ENaC family of cation channels
(Tavernarakis and Driscoll 2001; Kellenberger and Schild
2002; Suzuki et al. 2003) and form the channel pore, while
MEC-6 and MEC-2 are auxiliary subunits necessary for
proper function of the MEC-4/MEC-10 channel (Chelur
et al. 2002; Goodman et al. 2002; Brown et al. 2008).
MEC-2 belongs to the large group of prohibitin homology
(PHB-) domain proteins (Morrow and Parton 2005). MEC-2
is a cholesterol-binding protein and associates with the
channel through its PHB domain, apparently within a cho-
lesterol-rich lipid-raft like membrane environment (Zhang
et al. 2004; Huber et al. 2006). A similar protein, UNC-24,
is also associated with the transduction complex, but its
role in channel regulation is less well understood. The
touch receptor neurons possess rather thick microtubules
consisting of 15 instead of the usual 11 protoWlaments
(ChalWe and Thomson 1982; Fukushige et al. 1999). MEC-7
and MEC-12 are necessary for the function of transduction
complex, but it is not clear how the channel subunits con-
nect to the microtubuli, if indeed such a cytoskeletal tether-
ing of the transduction complex exists. The extracellular
anchoring of the complex is well characterized (Du et al.
1996; Emtage et al. 2004). It involves a number of extracel-
lular matrix proteins, at least three of which are associated
with the transduction complex. MEC-5 is a unique collagen
secreted by the epidermal cells of C. elegans, while MEC-1
and MEC-9 are matrix proteins with multiple protein-
interaction domains. These proteins attach the transduction
complex to the cuticula and may, therefore, play a critical
Fig. 1 The mechanosensitive protein complex of C. elegans. Left:
nine diVerent MEC proteins co-assemble to form an ion channel in the
plasma membrane of a mechanosensory neuron. The channel is formed
by MEC-4, MEC-6, and MEC-10. Other MEC proteins tether the chan-
nel to the cuticula and to the cytoskeleton. Right: when the cuticula is
shifted by gentle touch, the channel is pulled open, and cation inXux
generates a receptor potential123
J Comp Physiol A (2009) 195:1–19 3role in mechanotransduction. Moreover, they are necessary
to concentrate the MEC-4/MEC-10 channels in characteris-
tical punctate clusters in the membrane of touch receptors.
Thus, the model in Fig. 1 illustrates the possible coordina-
tion of nine diVerent MEC proteins to form a functional
mechanotransducer. More proteins may contribute to this
complex, and the list of potentially relevant proteins cur-
rently extends to MEC-18.
Mechanoreceptors in vertebrates are much less well
understood, and there is a hope that the C. elegans touch
receptor neuron will serve as a blueprint for a correspond-
ing model composed of homologous vertebrate proteins.
This approach has only just begun, but there are already
promising results. A member of the PHB domain protein
family, stomatin-like protein 3 (SLP3), turned out to be
necessary for normal touch sensation in mice (Wetzel et al.
2007). The related protein stomatin is needed for sensory
function in rapidly adapting D-hair mechanoreceptors
(Martinez-Salgado et al. 2007). These Wndings suggest that
SLP3 and stomatin play a similar role in vertebrate mecha-
notransduction as MEC-2 plays in the C. elegans touch
receptor. Although it is too early to speculate the notion
that vertebrate mechanotransducers are protein complexes
with tethered transduction channels appears to be a reason-
able working hypothesis. Future work may lead to the iden-
tiWcation of multiple transduction components and to gene
ablation experiments with unambiguous phenotypes. Up to
now, the search for mechanotransduction channels has only
produced conXicting results (Drew et al. 2004; Gottlieb
et al. 2008), and the molecular identity of the channels
remains elusive. An important question is whether low-
threshold touch receptors and high-threshold nociceptors
use the same gating principle to generate mechanoreceptor
potentials (Hu et al. 2006). A recent report on the eVects on
pain behavior of a spider toxin that blocks stretch-activated
cation channels (GsMTx4; Park et al. 2008) suggested an
involvement of transduction channels gated by membrane
stretch. It is conceivable, although entirely speculative, that
the detection of gentle touch relies on multi-protein trans-
duction complexes in vertebrate touch receptor neurons,
while nociceptors respond to their much stronger stimuli
with simple stretch-sensitive channels. It is also possible
that the C. elegans-type transduction complex and the
stretch-sensitive channel do not represent mutually exclu-
sive gating principles. There may be various intermediate
structures with transduction channels attached to the cyto-
skeleton or to proteins in the membrane or the extracellular
matrix. The challenge is to identify the channel protein
itself, which can probably be done only by genetic means,
because the proteins cannot be isolated from the Wne sen-
sory endings of mechanoreceptors. Once this is achieved,
auxiliary subunits and associated proteins can be identiWed
more easily.
A fascinating example of vertebrate mechanosensory
transduction by tethered channels is the generation of
receptor potentials in the hair cells of the inner ear. These
exquisitely sensitive cells detect movements on a nanometer
scale by their apical hair bundles and transmit the sensory
signal to aVerent neurons with high eYciency. Based on
groundbreaking electrophysiological studies (Corey and
Hudspeth 1979; Hudspeth 1982; Corey and Hudspeth
1983) and the discovery of protein Wlaments connecting the
sterocilia within a hair bundle (Pickles et al. 1984; Furness
and Hackney 1985), a working hypothesis was formulated
that explained hair-cell function in terms of a tethered
transduction channel (Pickles 1985; Holton and Hudspeth
1986; Hudspeth 1989). An impressive array of excellent
biophysical investigations was since carried out to scruti-
nize and improve this hypothesis (recent reviews: Gillespie
et al. 2005; Corey 2006; Fettiplace and Hackney 2006;
Ricci et al. 2006; Grant and Fuchs 2007; Vollrath et al.
2007). Today, the tethered-channel hypothesis is well
established, and much of the current work is focussed on
identifying the molecular components of the transduction
complex.
In the organ of Corti, the sensory inner hair cells (IHCs)
extend their sensory stereocilia into a thin layer of endo-
lymph between the top of the sensory epithelium and the
tectorial membrane (Fig. 2a). Lateral movements of this
Xuid layer deXect the stereocilia when the Corti organ
responds to sound with local vibrations. The hair bundle
consists of 50–300 stereocilia which move together because
various protein Wlaments connect each stereocilium to its
neighbors. In fact, all stereocilia of a bundle move in unison
so that the entire hair bundle acts as a functional unit (Koz-
lov et al. 2007). The tip of each stereocilium is connected to
the lateral membrane of its larger neighbor by a protein Wla-
ment called tip link (Fig. 2b). When the endolymph tilts the
stereocilia along the tip-links’ axis, the two attachment
points of each tip link move slightly apart, stretching the
protein Wlament. Two cell adhesion proteins, cadherin 23
(Siemens et al. 2004) and protocadherin 15 (Ahmed et al.
2006), co-assemble to form the »150 nm long tip-link Wla-
ment (Kachar et al. 2000; Corey 2007; Kazmierczak et al.
2007; Furness et al. 2008; Müller 2008). Since both the
setereocilia and the tip links appear to be rather stiV struc-
tures with low elasticity, each displacement of the hair bun-
dle causes an immediate mechanical force to act on the two
attachment points where it opens transduction channels.
The resulting depolarization leads to the activation of rib-
bon synapses at the basal pole of the hair cell which trans-
mit the signal with remarkable Wdelity to multiple aVerent
neurons (Sterling and Matthews 2005; Nouvian et al.
2006). To ensure optimal operating conditions in all
physiological situations, the hair cell actively adjusts the
tension of the tip link using so-called adaptation motors123
4 J Comp Physiol A (2009) 195:1–19(Eatock 2000; Gillespie and Cyr 2004). These motors are
thought to be myosin 1c molecules which are attached to
the tip-link attachment points and can crawl along the actin
Wlaments inside the stereocilia, thereby stretching the tip
link (Fig. 2b) (StauVer et al. 2005; StauVer and Holt 2007).
This process consumes ATP and preserves the optimal ten-
sion of the tip link. When the hair bundle is displaced, the
transduction channels open and admit K+ and Ca2+ inXux
into the lumen of the stereocilia. Because the interaction of
myosin 1c with actin Wlaments is disturbed by Ca2+
(Adamek et al. 2008), the adaption motors let go, and the
entire transduction complex slides down the plasma mem-
brane, releasing tip-link tension and allowing the channels
to close. Once Ca2+ is extruded from the stereocilia, the
adaption motors can re-establish the optimal tension.
Much eVort has been invested into the search for the
molecular identity of the transduction channels that sit at
one or both ends of the tip link. For each candidate channel
protein, the expression at the tip of the stereocilia must be
demonstrated, and it must be shown that the channel is
gated by hair-bundle displacements. Moreover, ablation of
the candidate gene must cause cochlear and vestibular dys-
function. The Wrst promising candidate was the ion channel
TRPN1. Gene silencing experiments caused the expected
phenotypes in zebraWsh (Sidi et al. 2003). However,
TRPN1 was found to be expressed in the kinocilia of lower
vertebrates, and not in the stereocilia (Shin et al. 2005), and
the trpn1 gene is not present in avian and mammalian
genomes. A number of other proteins have been investi-
gated as possible candidates for the hair cell transduction
channel, including TRPA1, TRPML3, TRPV4, and TMHS
(reviewed in Corey 2006; Cuajungco et al. 2007; Vollrath
et al. 2007). But the channel has not been identiWed to date,
and the search for the tethered channels of the inner ear
remains one of the most urgent challenges in sensory
physiology.
The primary transduction process in hair cells requires a
complex dynamic environment to function properly. To
generate neuronal signals upon detecting a very faint sound
(the detection threshold in humans is »10¡16 W/cm2), and
to discriminate frequencies over a range of three orders of
magnitude (20-20 kHz), the Corti organ must amplify the
primary signal. Research in cochlear ampliWcation has seen
exciting advances in recent years. I will only brieXy outline
this topic here, as it is more an auxiliary than a primary pro-
cess. AmpliWcation of the primary signal, which are local
vibrations of the Corti organ due to resonance, is performed
by the outer hair cells (OHCs) of the Corti organ (reviews:
Fettiplace and Hackney 2006; Frolenkov 2006; Ren and
Gillespie 2007; Ashmore 2008). OHCs possess the unusu-
sal (perhaps unique) property of electromotility. They con-
tract upon depolarization, and they elongate upon
hyperpolarization. This motorresponse to changes in mem-
brane voltage is extremely rapid. An OHC can go through
tens of thousands of contraction/elongation cycles per sec-
ond and can thus follow the vibration frequency caused by
resonance at any particular spot along the cochlear. Impor-
tantly, the stereocilia of OHCs are embedded in the tecto-
rial membrane (Fig. 2a) and, thus, constitute a mechanical
link between the sensory epithelium and the tectorial mem-
brane. As the OHCs oscillate, they “shake” the entire struc-
ture at the point of resonance and amplify the local
movement of endolymph that stimulates the sensory IHCs.
In mammals, electromotility is mediated by the protein
prestin, a membrane protein that changes its volume under
the control of the membrane voltage (Zheng et al. 2000;
Dallos et al. 2006, 2008). The protein swells by voltage-
dependent uptake of chloride ions, a process that is
extremely fast. Electromotility is thus the orders of magni-
tude faster than any motion based on cAMP-consuming
motor proteins. The OHCs amplify the primary signal by a
factor of 100–1,000 and hence allow the IHCs to operate at
Fig. 2 Hair cells in the organ of Corti. a Schematical cross-section of
the organ of Corti with the tectorial membrane (TM) covering the ster-
eocilia of sensory inner hair cells (IHC) and electromotile outer hair
cells (OHC). Sound induces local vibrations of the basilar mem-
brane (BM) and a lateral displacement of hair-cell stereocilia (arrows).
b Enlarged view of the stereocilia of an inner hair cell. The transduction
channels of the longer stereocilium are dynamically anchored to actin
Wlaments through myosin 1c. A tip-link Wlament pulls the transduction
channels open when the stereocilia move in the plane indicated by the
arrow123
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tory environment.
Phototransduction: dynamic scaVolds
Since more than Wve decades, a constant stream of excellent
papers has been published on signal transduction in photo-
receptors of vertebrates and invertebrates. Today, photo-
transduction is arguable to be the best understood of all
sensory transduction cascades, and a number of excellent
reviews describe the most recent advances (Burns and
Arshavsky 2005; Fu and Yau 2007; Lamb and Pugh 2004,
2006; Okawa and Sampath 2007; Wang and Montell 2007;
Luo et al. 2008). In this chapter, I will concentrate on one
particular aspect of phototransduction: the spatial organiza-
tion of the transduction cascade and the temporal redistri-
bution of transduction components. Research on this topic
is critical to the understanding of primary processes in all
sensory cells, and the advances in organellar proteomics is
expected to promote this Weld considerably (Yates et al.
2005; Andersen and Mann 2006; Au et al. 2007). Proteo-
mic studies provide a speciWc protein inventory of a
sensory organelle which can be used to examine protein–
protein interactions and their signiWcance for sensory trans-
duction (Liu et al. 2007). Drosophila photoreceptors were
the Wrst sensory cells where such interactions were shown
to exist on a large scale. In the compound eye, the micro-
villi of the rhabdomere contain the scaVold protein INAD
(for the terminology of Drosophila photoreceptor gene
products see Wang and Montell 2007). INAD contains Wve
PDZ domains (Huber 2001; Jemth and Gianni 2007) which
serve as interfaces for the interaction with multiple proteins
of the signal transduction cascade. INAD polymers consti-
tute a scaVold which binds together the transduction
proteins in a supramolecular complex, termed a signalplex
(Li and Montell 2000). Within the signalplex, diVusion dis-
tances are short and transduction is fast (Fig. 3). Upon illu-
mination, the absorption of a photon converts rhodopsin to
metarhodopsin which activates phospholipase C via the
Gq subunit of a GTP-binding protein. The resulting release
of diacylglycerol (DAG) opens the transduction channels
TRP and TRPL which depolarize the photoreceptor through
cation (Na+, Ca2+) inXux (Montell 2005). The active second
messenger for TRP and TRPL appears to be DAG itself or
one of its metabolites, most likely a polyunsaturated fatty
acid (Chyb et al. 1999; Leung et al. 2008). The Ca2+ signal
induced by the TRP/TRPL channels plays a pivotal role in
the termination of the light response. A Ca2+-dependent
protein kinase C phosphorylates TRP channels as well as
myosin III (NINAC; Li et al. 1998), and both processes
contribute to response termination. In fact, fast signal ter-
mination depends on the interaction of PKC with the INAD
scaVold (Wes et al. 1999), and this currently represents the
only proven eVect of protein coordination on transduction
kinetics in this cell. It is still an open question to what
extent the signalplex contributes to the extremely rapid
light response in Xies, the fastest G-protein mediated pro-
cess known. An exciting development in this Weld is the
Wnding that the INAD scaVold is not a Wxed structure but
that its interactions with other proteins can be regulated by
light. Using X-ray crystallography, Mishra et al. (2007)
found that the Wfth PDZ domain of INAD can exist in two
diVerent forms. In one form the domain binds other pro-
teins. In the other form an intramolecular disulWde bond
prevents binding. Interestingly, PDZ5 toggles between the
two conformations under the inXuence of light in such a
way that illumination can switch oV protein binding to
PDZ5. This light eVect on scaVolding appears to improve
the temporal resolution of vision in Xies and indicates a
new approach to studying the photoreceptor signalplex.
Dynamic eVects on protein coordination may be important
Fig. 3 The signalplex of Xy 
photoreceptors. Schematical 
view of primary processes in a 
microvillus from a Xy rhabdo-
mer. A polymer of INAD scaV-
old proteins coordinates the 
transduction proteins rhodopsin, 
Gq, phospholipase C (PLC), 
protein kinase C (PKC), tran-
sient receptor potential channel 
(TRP), and TRP-like channel 
(TRPL). Illumination leads to re-
lease of inositol-1,4,5-trisphos-
phate (IP3), diacylglycerol 
(DAG), and polyunsaturated fat-
ty acids (PUFA), which open the 
TRP/TRPL channels123
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2007; Montell 2007; Sanxaridis et al. 2007).
In vertebrate photoreceptors, studies of supramolecular
transduction complexes were mainly focussed on the rim
regions of the outer segment where the edges of the discs
are in close proximity (<10 nm) to the plasma membrane
(Fig. 4). In this rim region, the role of scaVold protein is
thought to be played by the protein GARP (glutamic
acid-rich protein). Having itself no intrinsic structure
(Batra-SaVerling et al. 2006), GARP binds to a number of
phototransduction proteins and helps to assemble them into
a molecular complex (Körschen et al. 1999). Interestingly,
GARP comes both in soluble form (GARP1, GARP 2) and
as a membrane-bound appendage to the photoreceptor
transduction channel, the cGMP-gated channel in the
plasma membrane. As such, it can function as a molecular
glue between the metabotropic transduction in the disc
membrane, and the eVector proteins in the plasma mem-
brane that generate light-dependent electrical and Ca2+ sig-
nals. Indeed, in vitro binding experiments have shown that
GARP coordinates phosphodiesterase, guanylyl cyclase,
the retinal ATP-binding cassette transporter, and peripherin
2 on the disc side with the cGMP-gated channel, and the
Na+/Ca2+–K+ exchanger on the side of the plasma mem-
brane (Körschen et al. 1999; Poetsch et al. 2001; Molday
2007). It is not yet known whether this spatial organization
serves structural or functional purposes—or both. But it
points to the notion that the rim region of vertebrate photo-
receptors shows a similarly high degree of molecular coor-
dination as the signalplex in Drosophila photoreceptors.
The speed and eYciency of sensory signal generation and
termination may require such spatial order and may com-
prise more, as yet unidentiWed proteins. A recent addi-
tion to the molecular complex in the rim region is a retinal
ryanodine receptor, related to the large Ca2+ channel pro-
tein known to mediate electromechanic coupling in skeletal
muscle (Shoshan-Barmatz et al. 2007). This protein is
located at the edge of the disc and may contribute to the
regulation of Ca2+ signals within the microdomain of the
rim region. Ca2+ signals drive recovery and adaptation in
photoreceptors (Fain et al. 2001) and the retinal ryanodin
receptor may be involved in this process.
Reversible attachment to a transduction scaVold may
constitute an eVective mechanism for sensory adaptation.
Proteins may be tethered to the signalplex for high sensitivity
and may be removed from the complex to reduce sensitiv-
ity. This concept arises from the observations of light-
induced protein translocation in photoreceptors (Calvert
et al. 2006). In both Drosophila and in mouse rod photore-
ceptors, key members of the phototransduction cascade are
shuttled to and from the transduction site in a light-depen-
dent way. The heterotrimeric GTP-binding protein trans-
ducin in vertebrates sticks to the disc membrane in the dark
by a farnesyl group on its  subunit and an acyl group on its
 subunit. This double-anchor eVectively attaches the inac-
tive trimer to the discs. During photoactivation of rhodop-
sin, however, transducin dissociates into the  dimer and
the active G-GTP, both of which have increased solubility
because each has only one membrane anchor. This “photo-
solubilization” of transducin releases much of the protein
from the disc during intense or prolonged illumination. The
soluble protein is able to diVuse to the inner segment where
it is sequestered by a still unknown mechanism (Sokolov
et al. 2002; Lobanova et al. 2007), until it returns again to
the outer segment in the dark. A similar translocation of
Gq is thought to contribute to light-adaptation in the Xy
photoreceptor (KosloV et al. 2003). In both cells, G proteins
and arrestin—a key protein for response termination—were
Fig. 4 The rim region of the vertebrate photoreceptor outer segment.
cGMP-gated transduction channels in the plasma membrane (with
their subunits CNGA1 and CNGB1a) are connected to the intracellular
disc membrane via a GARP’ domain (GARP, glutamic acid-rich pro-
tein) which forms the C-terminus of each CNGB1a subunit. Soluble
GARP and peripherin connect discs and transduction channels in the
rim region. cGMP cyclic guanosine monophosphate, GC guanylyl cy-
clase, GTP guanosine triphosphate, PDE phosphodiesterase, ROM rod
outer segment membrane protein. Illumination leads to a decline of the
cGMP concentration and closure of cGMP-gated cation channels123
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2004; Strissel et al. 2006). Attenuation of the light response
is brought about by sequestration of transducin in the inner
segment and accumulation of arrestin in the outer segment
(Calvert et al. 2006). Such translocation of proteins
between the signaling complex and a non-photosensitive
compartment is not restricted to soluble proteins. The
TRPL channel of Xy photoreceptor undergoes a light-
dependent, reversible translocation between rhabdomers
and cell body (Bähner et al. 2002; Meyer et al. 2006), a
process that may involve endocytosis and intracellular
transport by motor proteins. Whatever the exact molecular
mechanisms of protein translocation are, the data available
today clearly show that signaling complexes in photorecep-
tors can be subject to light-dependent restructuring. Such
dynamic regulation of protein networks may have profound
eVects on transduction eYciency—not only in vision. Once
again, the photoreceptor may serve as a model cell for the
exploration of new principles in sensory transduction.
Taste transduction: gustatory genetics
Taste transduction research has rapidly advanced in recent
years through genetic examination of the taste system
(Chandrashekar et al. 2006; Huang et al. 2006; Roper
2007). In mammals, two families of metabotropic taste
receptors, T1R and T2R (gene symbols Tas1r and Tas2r)
are expressed in the chemosensory microvilli at the apical
pole of taste receptor cells. T1R-expressing cells probe
food for attractive stimuli (sweet and umami), while T2R
cells mediate the aversive bitter taste. Sweet taste can be
elicited by a range of mono- and polysaccharides but also
by various amino acids, peptides and proteins as well as by
artiWcial sweeteners and by certain salts (Roper 2007). The
umami taste quality is caused by the detection of certain
L-amino acids, most distinctly by sodium glutamate which
generates a pleasant meaty taste. The T1R protein family
mediates sweet and umami detection by diVerential combi-
nation of its three members, T1R1, T1R2, and T1R3
(Fig. 5). Dimers of T1R2 and T1R3 (and possibly T1R3
homodimers) operate as sweet sensors, while T1R1/T1R3
dimers are umami-selective (Zhao et al. 2003; Damak et al.
2003). The receptors for bitter stimuli, the T2R family, are
activated by various toxic and non-toxic substances mainly
present in plants. It is generally believed that bitter taste
serves to detect harmful substances and to prevent the ani-
mal from swallowing noxious material. T2R receptors
diVer from the T1R family in that they have short N-termini
and do not form dimers (Fig. 5). They are coded by a gene
family of 36 functional genes in mice and 25 genes in
humans. Importantly, each bitter cell expresses multiple
T2Rs and is, therefore, responsive to a wide range of bitter
substances (Adler et al. 2000; Mueller et al. 2005; Behrens
and Meyerhof 2006; Behrens et al. 2007). Both T1Rs and
T2Rs couple the initial taste signal to activation of a phos-
pholipase C (PLC2; Zhang et al. 2003). This process is
mediated by the GTP-binding protein gustducin (McLaugh-
lin et al. 1992) and leads to the release of IP3 and Ca2+. The
common transduction channel of this pathway is TRPM5, a
cation channel gated by Ca2+ (Perez et al. 2002; Zhang
et al. 2003, 2007). While the prominent role of the T1Rs
and T2Rs in taste transduction, together with its transduc-
tion cascade that targets TRPM5, is now Wrmly established,
Fig. 5 Primary processes in taste cells. Transduction models for the
chemosensory membrane of taste cells. The metabotropic receptor
families T1R and T2R mediate sensitivity to sweet, umami, and bitter
by activating phospholipase 2 (PLC2) through a GTP-binding pro-
tein (G). The resulting release of Ca2+ from intracellular stores opens
transient receptor potential M5 channels (TRPM5) which generate a
depolarizing receptor potential. Sour taste is mediated by a combina-
tion of transient receptor potential P3 channels (TRPP3) and polycystic-
kidney-desease-like ion channels (PKD1L3). Additional pH eVects on
other ion channels, as well as proton uptake into taste cells have also
been reported. Salt taste may, in part, be mediated by Na+-permeable
epithelial sodium channels (ENaC). Sweet, umami, and bitter taste re-
sides in type II cells (blue) which release ATP as paracrine transmitter.
Sour taste is located in the presynaptic type III cells (red), and salt taste
is mediated by type I cells (yellow) which also remove ATP from the
taste bud (colors refer to online version of this article)123
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processes involved in sweet and umami transduction.
Residual sweet and umami responses were found with mice
after genetic ablation of either T1R3 receptors (Damak
et al. 2003; Delay et al. 2006; Maruyama et al. 2006), gust-
ducin (Danilova et al. 2006), or TRPM5 (Damak et al.
2006), suggesting that a TRPM5-independent, yet unidenti-
Wed transduction pathway exists in taste cell. Also, there
appears to be cross-talk between sweet and bitter taste,
which may result from direct eVects of bitter compounds on
the TRPM5 channel (Talavera et al. 2008). Finally, sub-
stantial species diVerences can be expected in taste trans-
duction as diVerent animals need diVerent food (Ma et al.
2007). Carnivorous Felidae, for example, (cats, tigers,
cheetahs) were shown to have a Tas1r2 pseudogene, so that
the T1R2 protein is not expressed and the T1R2/T1R3
dimer cannot be formed (Li et al. 2005). This may explain
the cats’ indiVerence to sweet stimuli and reXect the lack of
selective pressure on the maintenance of sweet taste in the
evolution of these animals.
The search for transduction mechanisms of sour-sensi-
tive taste cells has been hampered by the fact that the ade-
quate stimulus, protons, aVects virtually every protein with
amino acid residues that can bind H+. Thus, pH eVects can
be measured with most channels, transporters and proteins
involved in signal transduction, and it is diYcult to prove
that a pH eVect on an individual protein is related to the
physiological proton sensor of a sour-selective taste cell.
This conundrum is made worse by the fact that protons can
reach the basolateral membrane of taste cells through the
paracellular pathway, and that protonated acids can cross
the plasma membrane and cause intracellular acidiWcation.
The actions of pH changes are, therefore, essentially unspe-
ciWc and not localized. Physiological data, however, show
that there is a subpopulation of taste cells equipped with
speciWc pH sensitivity. Such a property could arise from
speciWc expression of proton-gated ion channels and/or by
a reduced cytosolic pH buVer capacity. Indeed, intracellular
acidiWcation and stimulus-related Ca2+ signals could be
demonstrated in a subpopulation of taste cells upon
extracellular pH changes (Richter et al. 2003). The most
convincing set of evidence for a speciWc H+ sensor in
sour-speciWc taste cells comes from studies of an ion
channel from the TRP family, TRPP3 (synonyms: TRPP3 =
PKD2L1; TRPP = polycystin family; Delmas 2005). This
protein is expressed in a subset of taste cells that are not
sensitive to other taste qualities and, in conjunction with the
related protein PKD1L3, confers acid sensitivity when
expressed in the cell line HEK 293 (LopezJimenez et al.
2006; Ishimaru et al. 2006; Inada et al. 2008). When
TRPP3-expressing taste cells are removed by genetic
manipulation, animals do no longer respond to sour stimuli,
while the other taste qualities are intact (Huang et al. 2006).
While many details of the sour transduction process are not
yet clear, these data strongly suggest that TRPP3 is part of
the sour taste receptor (Meyerhof 2008).
Salt detection is thought to work through cation ion
channels which conduct Na+ or K+ from the surface of the
tongue into salt-sensitive cells. In parallel, Cl¡ ions are
thought to take the paracellular route across the taste
epithelium (Roper 2007). A candidate for Na+ taste is the
amiloride-sensitive epithelial Na+ channel ENaC whose
three subunits , . and  are expressed in some taste recep-
tor cells (Lin et al. 1999). Both amiloride-sensitive and
amiloride-insensitive components of salt taste were identi-
Wed by electrophysiology and in the behavioral experiments
(Avenet and Lindemann 1991; Shigemura et al. 2008).
Amiloride-sensitive, highly Na+-selective channels are
present in some taste cells (Sugita 2006). However, the
deWnite answer to the question whether ENaC mediates salt
taste must probably await the generation of a taste-cell spe-
ciWc conditional knockout mouse, as global deletions of any
of the three ENaC subunits results in perinatal lethality
(Hummler and Vallon 2005). Thus, the transduction mecha-
nism of salt taste is presently not well understood.
An important point for the examination of primary pro-
cesses in taste transduction is to identify the right cell types
within a taste bud. Evidence from a number of morphologi-
cal and physiological studies supports the view that only a
subset of cells in the taste bud expresses taste receptors and
transduction proteins. Other cells have diVerent functions
including synaptic transmission or glia-like supportive
function (Roper 2007). At present the data provide a sce-
nario in which taste receptor cells (type II cells; Fig. 5)
respond to tastants with the release of ATP, probably
through pannexin 1 hemichannels (Finger et al. 2005;
Huang et al. 2007). ATP appears to act as paracrine trans-
mitter on type III cells which express P2X2 and P2X3 puri-
nergic receptors and form synapses with aVerent neurons
(Finger et al. 2005). Finally, type I cells may limit wide-
spread diVusion of ATP by an ecto-ATPase (Bartel et al.
2006), thus serving a glia-like function in the taste bud.
This working hypothesis of a paracrine transmission system
illustrates the complexity of signaling inside a taste bud.
Many observations have yet to be integrated into this
model. For example, amiloride-sensitive currents are
restricted to type I cells (Vandenbeuch et al. 2008) suggest-
ing that these glia-like cells are also responsible for salt
taste. Sour taste, in contrast, was localized to the type III
cells of the taste bud (Huang et al. 2008; Kataoka et al.
2008). Substantial diVerences in morphology and expres-
sion patterns have been demonstrated between taste buds of
rats and mice (Ma et al. 2007) and between diVerent taste
buds on the same tongue (Kinnamon et al. 1993; Romanov
and Kolesnikov 2006). Moreover, psychophysical eVects of
peripheral neuromodulators (Heath et al. 2006) have to be123
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the taste bud.
Olfactory transduction: coping with fuzzy receptors
The olfactory system of vertebrates is designed to detect an
unlimited number of odorants (Ache and Young 2005). To
do this, the system exposes a set of roughly 400 (humans)
to 1,000 (dogs, rodents) olfactory receptor proteins to the
air inside the nasal cavity. The receptors are encoded by a
large family of intron-less genes (Buck and Axel 1991),
scattered all over the genome (Fig. 6), and are expressed in
olfactory receptor neurons (ORNs). The receptor proteins
not only determine to which compounds the ORN will
respond but also help to target the ORN axon to its appro-
priate connection point in the brain. Consequently, all
axons of a ORN population that expresses the same recep-
tor converge onto the same projection neurons in the olfac-
tory bulb (Mombaerts 2006). Most authors favor the notion
that only a single olfactory receptor gene is expressed in
each individual ORN (Malnic et al. 1999; Mombaerts
2004). Intense research eVorts are currently focussed on the
question how a single receptor gene is chosen from the
large receptor gene repertoire of the olfactory system. Only
one allele of each olfactory receptor is transcribed in a
mature ORN (Chess et al. 1994; Ishii et al. 2004), and the
selected gene product appears to suppress the transcription
of all other olfactory receptor genes (Serizawa et al. 2003,
2004). Various minigenes, enhancer elements and homeo-
domain transcription factors have been shown to promote
expression of receptor genes within a gene cluster, and they
seem to play key roles in controlling the expression pro-
gram (Rothman et al. 2005; Hirota et al. 2007; Fuss et al.
2007). Importantly, an ORN tolerates the simultaneous
expression of two diVerent olfactory receptors only if one
of them is coded by a pseudogene and is, hence, not func-
tional (Lomvardas et al. 2006). Transcription of the Wrst
receptor gene apparently exerts an eVective feedback
repression upon all other receptor genes. Alternatively,
expression of multiple receptors may prevent the ORN
from developing into a mature sensory cell. Despite
remarkable progress in recent years, the precise genetic
basis of the one cell-one receptor phenomenon is not fully
understood.
Although the family of olfactory receptor genes is large,
1,000 receptors appear to be a small repertoire of sensors
compared to the multitude of possible odorants to which a
limiting number cannot be rationally assigned. This means
that each receptor type must be able to bind a large number
of diVerent odorants. In other words, the olfactory receptors
must work with relatively low odorant selectivity. This was
Wrst demonstrated by single unit recordings from ORNs,
challenged with a diverse panel of odorants (Sicard and
Holley 1984). Even in experiments with only 20 test odor-
ants, most ORNs responded to more than ten, illustrating
that the activity of a single ORN, or a single ORN popula-
tion expressing the same odorant receptor, does not provide
the brain with conclusive information on odor identity. In
fact, this information is extracted from the spatial and tem-
poral activity pattern of all ORNs (Friedrich 2006; Spors
et al. 2006; Wachowiak and Shipley 2006; Wesson et al.
2008). Such pattern analysis does not require highly selec-
tive sensors. It operates eYciently with a set of broadly
tuned sensors which, collectively, produce unique signal
patterns for each stimulus. In the olfactory system, the set
of 400–1,000 low-selectivity receptors accommodates an
unlimited range of stimuli and still generates unique neuro-
nal activity patterns for each of them. However, working
with low-selectivity receptors brings fundamental problems
for the task of signal transduction. Most odorants bind to
the receptors with low aYnity and activate the receptors
only brieXy. Bhandawat et al. (2005) estimated the mean
dwell time of an odorant bound to its receptor to be less
than 1 m s. Such a brief contact is hardly suYcient to trig-
ger the transduction cascade by activating the G-Protein
Golf (Fig. 7). Accordingly, the synthesis of the second mes-
senger cAMP by adenylyl cyclase type III (AC III, Fig. 7)
proceeds at a low rate. Measurements from amphibian
ORNs showed that the maximal rate of cAMP synthesis in
an ORN is about 200,000 cAMP molecules per second
(Takeuchi and Kurahashi 2005). This maximal rate is simi-
lar to the number of cGMP molecules hydrolyzed upon
absorption of a single photon in a rod photoreceptor
(250,000 molecules per photon; Stryer 1986).
Fig. 6 Odorant-receptor genes on human chromosomes. The bands
indicate gene clusters that contain groups of odorant-receptor genes.
Such clusters are present on almost all chromosomes123
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transduction step on olfactory transduction operates with
low eYciency. This point is supported by the consistent
observation that odorant concentrations used for physiolog-
ical experimentation with ORNs have to be in the range of
1-100 M to detect cAMP synthesis or to record cAMP-
dependent receptor currents (Pace et al. 1985; Firestein
et al. 1993; Araneda et al. 2000). In fact, metabotropic
transduction in ORNs appears to work without any molar
ampliWcation: Micromolar concentrations of odorants are
needed to generate micromolar concentrations of cAMP in
ORNs. The absence of eVective metabotropic ampliWcation
results directly from the use of low-selectivity receptors
which, in turn, is required for a system open to an unlimited
range of odorants. How then, can the olfactory system work
as the highly sensitive detection system with amazing pow-
ers of odor discrimination?
Odorants can be detected at extremely low concentra-
tions, much lower than the 1–100 M used in physiological
experiments on isolated cells. It is diYcult to compare
results obtained from single ORNs with the performance of
the olfactory system in vivo for at least three reasons: (1)
ORNs show an extremely high degree of convergence, as
roughly 2,000 ORNs are connected with a single mitral cell
in the olfactory bulb. It is conceivable that such a large
ensemble of aVerent neurons causes excitation in a mitral
cell even if each individual ORN is only slightly activated.
Thus, temporal summation of multiple weak signals may
contribute to olfactory sensitivity. (2) The sensory
membrane of ORNs is embedded in a mucus layer that, in
terrestrial animals, contains high concentrations of odorant-
binding proteins (Pelosi 2001; Pelosi et al. 2006; Ko and
Park 2008; Laughlin et al. 2008). These small, soluble pro-
teins belong to the lipocalin-family, proteins that can shut-
tle hydrophobic molecules through body Xuids and across
cell membranes. In the olfactory mucus, these binding pro-
teins display odor-speciWcity (Löbel et al. 2002) and can
interact with odorant receptor proteins (Matarazzo et al.
2002). The precise role of these proteins in olfaction is not
understood, but they are expected to inXuence the interac-
tion between odorants and their receptors. (3) ORNs pos-
sess an unusual signal ampliWcation mechanism that boosts
the odor-induced depolarization and may be critical for
responses to weak stimuli. This mechanism utilizes the
Ca2+ inXux through cAMP-gated transduction channels in
the chemosensory membrane (Fig. 7). Ca2+ opens chloride
channels which conduct a depolarizing eZux of chloride
ions (Kleene and Gesteland 1991). The anion inXux
strongly ampliWes the receptor potential and depolarizes the
ORNs suYciently for excitation (Kurahashi and Yau 1993;
Lowe and Gold 1993; Kleene 1997). To support this excit-
atory chloride current, ORNs accumulate chloride and sup-
port an elevated intracellular chloride concentration (Reuter
et al. 1998; Kaneko et al. 2004). Current research eVorts in
this Weld focus on the molecular identiWcation of the calcium-
dependent chloride channels (Reisert et al. 2003; Kaneko
et al. 2006; PiVeri et al. 2006; Caputo et al. 2008; Schroeder
et al. 2008; Yang et al. 2008) and on the mechanisms of
chloride homeostasis that support this signal ampliWcation
(Reisert et al. 2005; Nickell et al. 2007; Smith et al. 2008).
Fig. 7 Primary processes in olfactory sensory cilia. Left: micrograph
of an isolated olfactory receptor cell showing the chemosensory cilia at
the ending of the neuron’s dendrite (from: Kleene and Gesteland,
1981). Right current transduction model. AC adenylyl cyclase type III,
ATP adenosine triphosphate, [Ca2+]i intracellular calcium concentra-
tion, cAMP cyclic adenosine monophosphate, Golf olfactory GTP-bind-
ing protein, PDE phosphodiesterase. The two transduction channels,
cAMP-gated cation channels and Ca2+-gated chloride channels, are
indicated in the upper membrane. The ion transporters that extrude Ca2+
and accumulate Cl¡ are depicted at the bottom membrane of the cilium123
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mone receptors in the vomeronasal organ display a high
degree of speciWcity and sensitivity for the chemical com-
pounds that orchestrate reproductive behavior among the
members of a species. Consequently, the primary processes
are fundamentally diVerent between these two sensory
modalities. The prototypical pheromone receptors of the
silk moth Bombyx mori basically respond to single phero-
mone-binding events, although the exact nature of this pro-
cess and, in particular, the role of pheromone-binding
proteins is still not fully understood (Kaissling 2001). But
mammalian pheromone detectors are highly sensitive as
well. Studies of pheromone receptors in the mouse vomero-
nasal organ (VNO) revealed detection thresholds near
10¡11 M for the neuronal response (Leinders-Zufall et al.
2000). VNO neurons employ two distinct sets of phero-
mone receptors, the V1R and V2R families, each of which
comprises 100–200 diVerent receptors (Dulac and Wagner
2006; Zufall and Leinders-Zufall 2007; Dulac and Kimchi
2008). The V1R family recognizes small urinary molecules
that act as pheromones in mammals. Each V1R neuron
seems to express only a single member of the V1R receptor
family and, consequently, displays high pheromone speci-
Wcity. A separate population of VNO neurons expresses
V2R genes. These cells respond to urinary peptides, in par-
ticular to major histocompatibility complex (MHC) class 1
peptides (Leinders-Zufall et al. 2004) and help conspeciWc
animals to gain information related to the immune system
of their mates. The transduction cascade used by both V1R
and V2R neurons is also diVerent from that operating in
ORNs. Phospholipase C is believed to be the target
enzyme, releasing IP3, Ca2+, DAG and polyunsaturated
fatty acids (PUFA) as second messengers upon pheromone
stimulation (Liman and Zufall 2004). Robust evidence is
available for a central role of the protein TRPC2 as trans-
duction channel (Zufall et al. 2005). TRPC2 is expressed in
the chemosensory microvilli of VNO neurons (Liman
1999), the channel is gated by DAG (Lucas et al. 2003),
and TRPC2 knock-out mice lose the ability to distinguish
between male and female conspeciWcs (Stowers et al. 2002;
Leypold et al. 2002; Kimchi et al. 2007). Nevertheless,
some aspects of pheromone-driven behavior remain intact
in the TRPC2¡/¡ mice, in particular the detection of MHC
1 peptides (Kelliher et al. 2006). This Wnding suggests that
a diVerent population of VNO neurons exists which does
not use TRPC2 as transduction channel.
Intense examination of the VNO and the olfactory epi-
thelium currently challenges the traditional view that the
two systems are dedicated exclusively to two discrete func-
tions, namely pheromone control and olfaction (Spehr et al.
2006). It becomes clear that both systems contain various
diVerent populations of neurons, each with a speciWc pur-
pose and speciWc molecular equipment. The characteriza-
tion of these chemosensory cells and their sensory function
is an exciting task for sensory physiologists (Elsaesser et al.
2005; Liberles and Buck 2006; Leinders-Zufall et al. 2007).
Evaluating electromagnetic Welds: more primary 
processes
In addition to analyzing the intensity and wavelength of
visible light, animals can extract vital information from the
degree of light polarization, from infrared radiation, as well
as from electrical Welds and from the Earth’s magnetic Weld.
Exciting recent developments have yielded insights into
some amazing primary processes that mediate these tasks. I
will brieXy review progress in polarization vision and mag-
netoreception. For the topics of electroreception and infra-
red perception, I refer the reader to a set of excellent
reviews recently published in this journal (Bleckmann et al.
2004; von der Emde 2006; Caputi and Budelli 2006).
Many animals are able to detect light polarization and to
obtain complex information through this sensory channel.
Non-polarized sunlight reaches the Earth and is polarized
when it is scattered or reXected by all kinds of materials
within the atmosphere, on the terrestrial surface, or in
water. The atmosphere creates a stereotypical pattern of
celestial light polarization which can be used for naviga-
tional purposes (Wehner 2001; Homberg 2004; Horváth
and Varjú 2004; PfeiVer and Homberg 2007; Krapp 2007).
Moreover, reXective surfaces like water or glass, as well as
scales, elythrae and other shiny animal surface structures,
polarize light, an eVect that can be used to search water,
identify prey, and break other animals’ camouXage (Kriska
et al. 1998; Shashar et al. 2000). The primary transduction
process of polarization vision is based on the photorecep-
tors with pronounced absorption anisotropy (dichroism).
Such photoreceptors show a preferred response of their
photosensitive organelles to polarized light with a certain
electric vector (e-vector). The rhabdomeric photoreceptors
of insects and cephalopods harbor their rhodopsin in micro-
villi, membrane tubes of »50 nm diameter. Apparently, the
rotational freedom of rhodopsin is limited in the microvillar
membrane, such that the orientation of the retinal molecules
is mainly parallel to the long axis of the microvillus. Polarized
light is, therefore, best absorbed when its e-vector is
aligned along the microvilli. Furthermore, all microvilli in a
polarization-sensitive photoreceptor are aligned in parallel
(Wehner and Bernard 1993; Meyer and Domanico 1999) so
that the entire rhabdomer displays the same dichroism as
each of its microvilli. In contrast to the rhabdomeric photo-
receptors, the ciliary photoreceptors of vertebrates seem not
to be very useful for polarization vision. It is generally held
that rhodopsin molecules rotate freely within the disc mem-
branes without any preferred orientation. Light traveling123
12 J Comp Physiol A (2009) 195:1–19axially through the outer segment thus hits retinal mole-
cules that point into all possible orientations of the mem-
brane plane, and no dichroism can occur. While most
terrestrial vertebrates are polarization-blind, many Wsh spe-
cies have been shown to be polarization-sensitive. Ancho-
vies have tilted the discs in their cone photoreceptors by
»90° so that the incident light enters each disc from the
side (Heß et al. 2006) and, presumably, hits retinal mole-
cules that are more or less aligned with the disc membranes
and preferably absorb light polarized in the membrane
plane. This appears to be a solution to generate dichroic cil-
iary photoreceptors, but other strategies may also exist
(Roberts and Needham 2007; Ramsden et al. 2008). A new
aspect of polarization vision is the recent discovery that
marine mantis shrimps (stomatopod crustaceans; Marshall
et al. 2007) are able to detect circularly polarized light, and
even to distinguish left-handed from right-handed circu-
larly polarized light (Chiou et al. 2008). Circularly polar-
ized light arises when linearly polarized light travels
through a birefringent material. Such material has diVerent
refractive indices for the x- and the y-components of the e-
vector, retarding one component with respect to the other
(Land 2008). The resulting phase shift between the two
components makes the e-vector rotate along the axis of the
Xight path, as the light travels through space. Importantly,
only a material that retards one component by a quarter of
the wavelength  (a /4 retarder) generates circularly
polarized light. If such light is again guided through a /4
retarder, the x- and y-components are shifted back into
phase, and linearly polarized light results. It turned out that
mantis shrimps possess caudal appendages which reXect
patterns of circularly polarized light, and that the animals
can be trained to distinguish between right-handed and left-
handed circular polarization. Chiou and colleagues discov-
ered that one of the eight photoreceptors in certain omma-
tidia acts as /4 retarder, turning circularly polarized light
into linearly polarized light which is then analyzed by the
remaining seven photoreceptors (Fig. 8a). The intricate
architecture of the stomatopod eye provides the animal with
two distinct channels of polarization vision and thus
imparts additional visual qualities to the perception the
environment.
Light polarization is not an exotic phenomenon to most
of us, as we are used to polarizing Wlters on our cameras
and our sunglasses, and the perception of light polarization
appears to be just an additional aspect of vision. Magneto-
reception, however, is a diVerent matter. It is utterly amaz-
ing to observe the navigational skills of migratory animals
Fig. 8 Primary processes in polarization vision and magnetoreception
a Schematic representation of circular-polarization vision in the mantis
shrimp. Photoreceptor 8 is positioned in the light path that enters an
ommatidium. The cell converts circularly polarized light into linearly
polarized light. The remaining seven photoreceptors analyze the polar-
ization plane. (changed from Chiou et al. 2008). b The radical pair
model of magnetoreception. Two domains of a cryptochrome molecule
act as electron donor (D) and acceptor (a), respectively. Upon light
absorption, the donor reaches the excited state D* and, subsequently,
transfers an electron to the acceptor, giving rise to a radical pair in a
spin-correlated singlet state (·D+ + ·A¡)S. The yield of interconver-
sions between the singlet and triplet states is aVected by the geomag-
netic Weld. The magnetosensory cell monitors the balance between
singlet and triplet products as a measure of the magnetic Weld intensity
B (changed from Ritz et al. 2000). c The magnetite hypothesis of mag-
netoreception. Top A chain of single-domain magnetite particles is
connected to the gating mechanism of an ion channel. When the animal
changes its position within the Earth’s magnetic Weld, the chain is dis-
placed and opens the channel. Bottom Small superparamagnetic mag-
netite particles are organized in plaques within the dendrite of a
magnetosensitive neuron. These plaques consist of magnetite clusters
(spheres) together with non-magnetic maghemite chains (black lines)
around an iron-coated vesicle (center). The entire structure is thought
to change its shape with its position in the geomagnetic Weld and to
drive the gating mechanism of an ion channels through an elastic con-
nection (changed from Solov’yov and Greiner 2007)123
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need to be equipped with the Global Positioning System
(GPS), a good map, a compass, and some geographic
knowledge to Wnd their way, animals apparently “see” or
“feel” the geomagnetic Weld and know how to use the mag-
neto-sensory perception to travel over long distances. Two
questions have to be addressed for navigation: Where am
I? And which direction leads to my destination? Interest-
ingly, animals seem to use diVerent sensory strategies to
obtain these informations, involving diVerent primary pro-
cesses (Johnsen and Lohmann 2005; Mouritsen and Ritz
2005; Wiltschko and Wiltschko 2005, 2006, 2007). Ani-
mals can exploit at least three parameters of the magnetic
Weld: the inclination of the magnetic Weld relative to the
Earth’s surface, and the direction to magnetic north,
parameters that we obtain from an inclination compass and
a declination compass, respectively. Moreover, animals
perceive the local intensity of the geomagnetic Weld, a
parameter that we determine using a magnetometer. In the
search for the primary processes that transduce these
parameters into neuronal signals, two models are currently
favored, the radical pair model and the magnetite hypothe-
sis. The radical pair model is based on the observations
that certain modes of magnetoreception are light-depen-
dent (Ritz et al. 2002), and that chemical free-radical reac-
tions can be inXuenced by magnetic Welds of ·50 T, the
intensity of the geomagnetic Weld (Maeda et al. 2008). The
candidate biomolecule for such a light-induced, magneto-
sensitive free-radical reaction is cryptochrome, a photopig-
ment that is present in the retina of migratory birds (Möller
et al. 2004) and was found to be necessary for magnetore-
ception in Drosophila (Gegear et al. 2008). Cryptochrome
absorbs blue light and forms long-lived radical pairs (Lie-
dvogel et al. 2007). The light-dependence of magnetore-
ception in birds has given rise to the notion that the impact
of the magnetic Weld on cryptochrome photochemistry
may represent a primary sensory process (Ritz et al. 2000,
2004; Beason 2005; Wiltschko and Wiltschko 2007). The
idea is that cryptochrome forms a singlet radical pair upon
illumination, and that the kinetics of singlet/triplet inter-
conversion is aVected by the geomagnetic Weld (Fig. 8b).
The balance between singlet products and triplet products
depends to some extent on the orientation of a crypto-
chrome-containing cell in the geomagnetic Weld. If a cryp-
tochrome-containing cell is able to compare the amount of
chemical products resulting from singlet pairs to that origi-
nating from triplet pairs, it can determine the yield of spin
interconversion. Ritz et al. (2000) proposed that a visual
representation of the magnetic Weld can result from an
ordered distribution of cryptochrome-containing cells in
the retina. While the radical pair model has not been estab-
lished in all details, it represents a valuable hypothesis for
directional magnetoreception in birds—it provides the
molecular concept for a visual compass in the birds’ eyes
(Wiltschko and Wiltschko 2006).
But a compass alone does not bring you home if you do
not know where you are. Thus, positional information is
needed for navigation, information of the kind that we
derive from comparing GPS readings with a map.
Behavioral studies have revealed that migrating animals
(birds, sea turtles, spiny lobsters) indeed possess positional
information, and that this information is derived from the
geomagnetic Weld (Lohmann et al. 2007). The inclination
and the local intensity of the magnetic Weld supply useful
positional information for large areas of the globe. For
example, each location in the atlantic ocean has a unique
combination of inclination and intensity, as the lines of
equal Weld inclination (isoclinics) are oriented roughly east-
to-west, while the lines of equal Weld intensity (isodynam-
ics) run roughly north-to-south. Isoclinics and isodynamics
thus form a grid on a magnetic map, just like latitudes and
longitudes do on a geographic map. There is strong evi-
dence that migratory animals can follow both isoclinics
(Lohmann and Lohmann 2006) and isodynamics (Dennis
et al. 2007) and, therefore, must have the ability to gain and
process positional information. The primary processes
underlying positional magnetoreception are thought to be
distinct from the ones described by the radical pair model.
The magnetite hypothesis was originally based on the
microbiology of magnetotactic bacteria. These microorgan-
isms contain strings of magnetite (Fe3O4) particles, each of
which has a size of 30–120 nm, and is a stable, single-
domain magnetic dipole (Blakemore 1982; Schüler 2008).
The strings restrain thermal movements of the individual
particles, so that their magnetic moments add up, and the
entire string tends to align with the geomagnetic Weld, just
like a compass needle. Animal physiologists have long
speculated that magnetite particles may transduce geomag-
netic signals in migratory animals (Kirschvink and Gould
1981; Kirschvink et al. 2001; Walker et al. 2002). Strings
of permanently magnetic particles may be connected to the
gating mechanism of an ion channel so that the magnetic
Weld can trigger channel opening and generate a receptor
potential (Fig. 8c). Indeed, single-domain magnetite particles
were discovered in Wsh (Diebel et al. 2000), and indirect
evidence points to a role of single-domain magnetite in
magnetoreception by mole rats (Wegner et al. 2006) and
bats (Holland et al. 2008). Curiously, the magnetite particles
in various animals with robust magnetoreception are very
small and are not aligned in orderly chains (e.g., homing
pigeon; Fleissner et al. 2003). These particles have no stable
magnetic moment, but they can assume a magnetic polari-
zation in an applied Weld. An important recent Wnding is that
such superparamagnetic material can, in principle, serve as
a sensor in magnetosensory cells. Clusters of these particles
change their shape when they are moved within a magnetic123
14 J Comp Physiol A (2009) 195:1–19Weld (Fig. 8c). And the resulting forces are suYcient to gate
ion channels (Fleissner et al. 2007; Hsu et al. 2007; Solov’yov
and Greiner 2007). Thus, cryptochrome and magnetite may be
the transducing molecules in directional and positional mag-
netoreception. This concept will be scrutinized and extended
in the coming years with the still distant goal to understand
magneto-electrical transduction in sensory neurons.
Conclusions
The data collected in this review illustrate several promi-
nent similarities between primary processes of diVerent
sensory modalities:
(1) Stimulus detection: G-protein coupled receptors
(GPCRs) detect a wide spectrum of chemical and visual
stimuli. At least Wve families of GPCRs mediate chemosen-
sory qualities and a number of rhodopsin varieties cover the
visual and ultraviolet spectra. Mechanodetectors directly
couple movement to the opening of transduction channels.
(2) Transduction channels: most transduction channels
belong to one of three protein superfamilies, die TRPs, the
CNGs, and the degenerins. These are mostly non-selective
cation channels, which are Ca2+-permeable and show little
voltage dependence. Transduction channels are often com-
ponents of a supramolecular protein complex that regulates
channel activity. (3) Transduction complex: a large set of
proteins may co-assemble to form a transduction complex.
The considerable plasticity of a transduction complex may
underly adaptation, sensitization, response kinetics, and
noise reduction. (4) AmpliWcation: primary receptor poten-
tials may be ampliWed by prolonged activation of metabo-
tropic receptors, by large electrochemical gradients for the
receptor current, or by secondary currents that are con-
ducted by distinct sets of ion channels.
These common principles may also apply to primary
processes in sensory cells where transduction mechanisms
are not yet understood.
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